Parathyroid reoperations are challenging and achieving a cure requires multidisciplinary treatment team cooperation.
Background
Despite remarkable progress in parathyroid imaging and improvements of surgical technique, persistent primary hyperparathyroidism (pHPT) and recurrent primary hyperparathyroidism (rHPT) are therapeutically challenging. The most common reasons for failed parathyroid surgery are: low-volume surgeons lacking in experience in parathyroid surgery, unrecognized multiglandular disease, ectopic localization of parathyroid adenoma, inadequate extent of parathyroid tissue resection, parathyroid capsule rupture causing parathyromatosis, or (rarely) parathyroid cancer [1] [2] [3] [4] [5] . Inaccurate preoperative imaging may result in failure of unilateral neck exploration (UNE) or minimally invasive parathyroidectomy (MIP) [6] . A thorough knowledge of parathyroid pathology and understanding of embryological glands migration, as well as proficiency in conventional parathyroid exploration supported by a sound clinical use of modern technical adjuncts during parathyroidectomy, are crucial in intraoperative surgical decision-making and minimizing the risk of a failed primary operation [2, 3, 7, 8] .
Having reached the decision about reoperation in pHPT or rHPT, a detailed analysis of possible causes of the failed initial operation and positive and accurate hyperfunctioning parathyroid tissue imaging should be determined preoperatively. The surgical re-exploration aims at removing the diseased parathyroid tissue by means of limited surgical dissection in order not to increase the risk of hypoparathyroidism or recurrent laryngeal nerve (RLN) injury. In recent years, the improved outcomes of parathyroid reoperations were reported in a few retrospective cohort studies from academic centers, with success and complication rates approaching those achieved in the unexplored patient [8] [9] [10] . However, to date a systematic review and metaanalysis of hitherto published data in the field has not been undertaken and published. To make such an analysis possible we still need more published data from varying healthcare systems.
The objectives of this study were to summarize our experience in revision parathyroid surgery for pHPT and rHPT and to explore factors underlying failure to cure at initial surgery. The reported series of patients represents the largest cohort of parathyroid reoperations in Poland.
Material and Methods

Study design
This was a retrospective cohort study of consecutive patients who underwent reoperations for pHPT or rHPT at the Department of General, Vascular, and Transplantation Surgery, Medical University of Warsaw, Poland. The prospectively collected database of parathyroid surgery was searched for eligible patients (treated 2000-2012). All patients provided written informed consent for the storage and use of their data.
The inclusion criterion was a biochemically confirmed pHPT or rHPT in a clinically symptomatic patient meeting 1 of 3 indications for surgery: hypercalcemia exceeding 0.25 mmol/l above the upper limit of the reference range (2.2-2.6 mmol/l), recurrent renal stones, progressing osteopenia or osteoporosis, and impaired renal function. Asymptomatic patients with persistent or recurrent mildly elevated serum calcium levels underwent surveillance, but were not qualified for reoperation. The exclusion criteria were incomplete clinical data or follow-up information.
The primary outcome was the cure rate from hyperparathyroid state. All the patients were followed for at least 12 months postoperatively to define a cure. The secondary outcomes were: prevalence of missed multiglandular disease at initial surgery, localization of the missed hyperfunctioning parathyroid tissue (eutopic vs. ectopic), diagnostic pre-re-exploration imaging accuracy, surgical approach at re-exploration, number of surgical re-explorations needed to achieve a cure, utility of intraoperative adjuncts during redo-parathyroidectomy and morbidity. Additionally, factors underlying failure to cure at initial surgery were reviewed based on hospital records and compared between patients initially operated on at our institution versus elsewhere. The protocol of this study was approved by the Institutional Review Board.
Preoperative work-up
All the patients had biochemically confirmed primary hyperparathyroidism, either persistent or recurrent. Table 1 presents baseline characteristics of the study patients. The current approach to re-exploration for pHPT and rHPT was introduced at our institution in 2000 and gradually modified in the following years based on the growing experience in parathyroid imaging and application of intraoperative adjuncts allowing for intraoperative prognostication of parathyroidectomy outcomes: intraoperative iPTH assay (IOPTH) or gamma-probe ( Figure 1 ). This algorithm is similar to concepts published by other investigators [9] [10] [11] . All patients qualified for re-exploration had parathyroid imaging with at least 2 modalities: neck ultrasound and subtraction/dual-phase parathyroid scintigraphy, or SPECT-CT with 99m Tc-MIBI. In doubtful cases, CT scans of the neck and chest were done. Neck ultrasonography was performed using a 7.5-15 MHz linear-array transducer by a radiologist experienced in parathyroid imaging. In patients with negative non-invasive parathyroid imaging, the method of selective venous sampling (SVS) with iPTH assay was used for regionalization. Ultrasound-guided fine-needle aspiration (FNA) of suspected lesions with iPTH assay in the aspirate was used in carefully selected cases. 
Surgical technique
For cervical re-exploration, either unilateral or bilateral, the lateral approach between the sternohyoid and sternothyroid muscles, and medial to the sternocleidomastoid muscle and carotid sheath was used. This approach allows for good exposure of the superior posterior mediastinal/tracheoesophageal groove and avoids the scarred midline field encountered with the standard midline approach [12] . Revision surgery was initially focused on the preoperative image-indexed side of the neck. With negative re-exploration in that area, the dissection was oriented towards the most common parathyroid eutopic locations and on the tract of the embryological parathyroid migration. Should uncertainty arise regarding the number of parathyroid glands left in situ following the initial parathyroid operation, cryopreservation of parathyroid tissue stored in the tissue bank was routinely used with intent of delayed parathyroid autotransplantation, if necessary. Depending on circumstances, the following adjuncts were used intraoperatively to assure a cure: IOPTH, gamma probe, or a frozen section of the removed surgical specimen. STAT-IntraOperative-Intact-PTH Immunoassay (Future Diagnostics, Wijchen, the Netherlands) was used for intraoperative iPTH measurement, with a total turnaround time from blood sample collection to result in 8 min. The Miami criterion was used for cure prognostication [13] [14] [15] . A gamma probe was used intraoperatively in cases of discordant results of preoperative imaging following an I.V. injection of 100 MBq of 99m Tc-MIBI administered 20 min before surgery. Radioactivity count 20% higher than background was used to identify hyperfunctioning parathyroid tissue. Intraoperative frozen section was used in cases of uncertain preoperative imaging/regionalizing studies and/or an inadequate iPTH level decrease following the removal of the suspected parathyroid lesion.
Follow-up
All data on diagnosis, preoperative imaging, and outcomes were collected on a Microsoft Excel spreadsheet. Successful surgery was defined as normalization of the adjusted serum calcium following revision parathyroidectomy. Patients with elevated adjusted serum calcium within 6 months of surgery were defined as having pHPT, whereas rHPT was defined as the onset of hypercalcemia more than 6 months after parathyroidectomy.
Hypocalcaemia was defined as total serum calcium level below 2.0 mmol/l, irrespective of iPTH level. A serum calcium level below 2.0 mmol/l with a subnormal serum iPTH level (<10 ng/l) was defined as transient hypoparathyroidism if restored to normal within 12 months following withdrawal of oral calcium or calcium plus calcitriol therapy. Persistent hypocalcemia with serum iPTH level below 10 ng/l for more than 12 months postoperatively, requiring substitution with calcium with or without calcitriol, was considered permanent hypoparathyroidism.
Laryngoscopy was mandatory before revision surgery and used to evaluate and follow RLN injury. Vocal cord paresis for more than 12 months postoperatively was considered permanent palsy.
Statistical analysis
Data are presented as mean (standard deviation) or mean (range), unless stated otherwise. The statistical significance of categorical variables was evaluated using the c 2 test, whereas the t-test or Fischer's exact test was used for the analysis of continuous variables. Receiver operating characteristics (ROC) curve analysis was performed to assess the diagnostic accuracy of preoperative imaging and intraoperative adjuncts. The nerve events incidence was calculated based on the number of nerves at risk. All data were collected prospectively, stored in a computer-based institutional register of parathyroid surgery, and analyzed retrospectively by a statistician, assuming that p<0.05 indicated significance. Statistical analyses were performed with Statistica ® 10 for Windows ® (StatSoft, Cracow, Poland).
Results
Of 657 patients referred for parathyroid surgery during the study interval, 92 had pHPT or rHPT, and thus were potential candidates for the study. Four patients had incomplete histopathology or follow-up data, leaving 88 patients (69 women, 19 men) who were finally enrolled. The study group comprised 57 (64.8%) patients operated on for pHPT and 31 (35.2%) patients operated on for rHPT, who underwent 98 re-explorations. Of this group, 16 (18.2%) patients were initially operated on at our institution, whereas 72 (81.8%) patients were operated on elsewhere and referred for revision parathyroid surgery to our tertiary referral center. Comparing indications for revision parathyroid surgery between patients initially operated on at our institution vs. explored initially elsewhere, the latter group was found to more frequently have pHPT than rHPT (70.8% vs. 37.5%, respectively; p=0.011). Initial parathyroidectomy was undertaken in 56 (77.8%) of 72 patients operated outside our institution by a low-volume parathyroid surgeon (<10 cases per year), whereas the remaining 16 (22.2%) operations were performed by experienced parathyroid surgeons (>30 cases per year). Baseline demographic, clinical, and biochemical characteristics of the studied patients are presented in Table 1 . Table 2 shows characteristics of preoperative imaging and diagnostic accuracy of the localization studies.
A cure from hyperparathyroid state was achieved in 83/88 patients (94.3%) ( Table 3) . Sixty-four (66.3%) patients underwent unilateral neck exploration (UNE), whereas 34 (34.7%) patients underwent bilateral neck exploration (BNE), including 19 (21.6%) mediastinal explorations (16 transcervical approaches and 3 by sternotomy). Ten (11.4%) patients needed more than 1 re-exploration to achieve a cure (3 patients were re-operated on 2 times, 6 patients were re-operated on 3 times, and 1 patient was re-operated 4 times), whereas 5 patients remained hypercalcemic after reoperation/s (characteristics are shown in Table 4 ). The following intraoperative adjuncts were successfully used: IOPTH in 50/52 patients (96.2%), gamma probe in 25/27 patients (92.6%), and frozen section in 10/11 patients (90.9%). The mean post-reoperation follow-up was 91.7 (12-176) months.
Hyperfunctioning parathyroid gland missed at initial surgery was found on reoperation in eutopic position in 49 (55.7%) patients, and in ectopic position in 39 (44.3%) patients, including 20 (22.7%) cases of cervical ectopy (within the carotid sheath in 9 cases, within the tracheal-esophageal groove in 9 cases, and subcapsular within the thyroid in 2 cases), and 19 (21.6%) cases of mediastinal ectopy (within the thymus in 10 cases, and in the posterior mediastinum in 9 cases). Table  3 shows morbidity following re-explorations.
Discussion
Operations for both pHPT and rHPT are challenging due to the need for dissection of scarified tissues in search of diseased parathyroid gland/s, and common localization of parathyroids in the ectopic sites. Previously, the outcomes of cervical re-explorations in search for hyperfunctioning parathyroid gland/s missed at initial surgery were successful in less than 65-75% of patients [12] . However, in expert hands, the outcomes of revision parathyroid surgery are nowadays comparable to outcomes of initial parathyroidectomy (success rate exceeding 95%), which has been recently reported by others and confirmed in this study [9, 15, 16 ]. This remarkable shift was possible due to improved preoperative localization of diseased parathyroid tissue ( 99m Tc-MIBI scintigraphy, high-resolution ultrasound, CT scan of the neck and mediastinum, SVS or US-guided FNA-aspiration of suspected parathyroid lesions with iPTH determination in the aspirate) and development of intraoperative adjuncts allowing for intraoperative quality control (IOPTH, gamma probe) [9, [15] [16] [17] [18] [19] [20] [21] [22] . In consequence, most parathyroid reoperations can be now performed by unilateral or focused approach (66.3% in this study), leading to a minimized risk of bilateral RLN palsy and decreased prevalence of permanent hypoparathyroidism [9, 15, 16, [23] [24] [25] .
Importantly, only 16 (2.4%) of 657 patients operated on during the study period underwent initial surgery at our institution. All the remaining 72 (11.0%) patients were operated elsewhere and referred for parathyroid re-exploration. Considering that 56 (77.8%) of 72 patients with pHPT or rHPT were operated on elsewhere by a low-volume parathyroid surgeon (<10 cases per year), and missed parathyroid gland was a solitary parathyroid adenoma in eutopic position (n=39), followed by ectopic location of the diseased gland (n=25), or rarely unrecognized (n=4), or inadequately resected multiglandular disease (n=4), clearly most of those re-explorations could have been avoided if initial surgery was undertaken by an experienced parathyroid surgeon. This observation is also supported by other reports showing prevalence of pHPT or rHPT in as many as 30% of patients operated on by a casual parathyroid surgeon [2, 3, 9, 15] . Chen et al. analyzed 159 patients with persistent/recurrent hyperparathyroidism subsequently cured with additional surgery. Despite a higher incidence of multiglandular disease (which increased the likelihood of operative failure) in patients initially operated on in a high-volume hospital, patients who underwent surgery in a low-volume hospital were more likely to have The right inferior parathyroid adenoma was initially removed. Parathyromathosis found on reexploration. Enblock excision with the inferior portion of the right thyroid lobe Tc-sestamibi scintigraphy, failure rates with "lateralized and concordant" imaging, "non-concordant" imaging, and "dual-negative" imaging were 2%, 9%, and 11%, respectively (p=0.01). Of 25 patients with persistent disease, multiglandular disease was present in 13/25 patients (52%) and ectopic adenoma in 6/25 patients (24%) [26] . Thus, a significant proportion of failures were due to the inability to recognize the presence and/or extent of multiglandular disease in patients with negative or discordant dual imaging.
Recently, IOPTH was recognized as the most reliable adjunct during parathyroid reoperations [27] . On the one hand, it allows for limiting neck exploration in case of an adequate decrease of iPTH levels after resection of a culprit parathyroid gland. On the other hand, it is helpful in recognition of persistent hyperfunctioning parathyroid tissue in case of an inadequate decrease of serum iPTH values. In the current study, IOPTH directly influenced the surgery course in 23 (92.0%) of 25 patients with multiglandular disease, since the lack of PTH decrease after excision of 1 or 2 unilateral pathological parathyroid glands indicated the need to explore the contralateral neck side, which turned out to be harboring additional diseased parathyroid tissue. Irvin et al. reported that with IOPTH used to facilitate localization and confirm excision of all hyperfunctioning tissue, the success rate of reoperative parathyroidectomy improved from 76% to 94% [28] . Many other surgeons reported similar results [9, 10, 15, 16, 29] .
Despite progress in the operative management of pHPT and rHPT, morbidity following cervical re-explorations is still high. Karakas et al. reported permanent RLN palsy in 9% and permanent hypoparathyroidism in 6% of patients undergoing parathyroid reoperations, with a success rate of 95.2% [9] . Intraoperative neural monitoring was not used in this study, but this technique was reported to decrease the prevalence of RLN injury in thyroid reoperations, which could also be expected after revision parathyroidectomy monitored in this way [30] . Moreover, in patients with uncertain status of remaining normal parathyroid tissue, cryopreservation with autotransplantation was recommended to correct permanent hypoparathyroidism [1, 11, 12, 31] . Indications for cryopreservation in our practice were found in only 8/88 patients (9.1%). None of the stored tissue was used for autotransplantation, because conservative treatment with calcium and vitamin D analogues was sufficient to maintain asymptomaticity in all mildly hypocalcemic patients, consistent with other reports [12, 31] .
Conclusions
Multidisciplinary treatment team cooperation at a tertiary referral center consisting of accurate preoperative localization, expertise in parathyroid re-explorations, and correct use of intraoperative adjuncts contribute to a high success rate of parathyroid reoperations, which is comparable to outcomes of primary neck exploration for hyperparathyroidism.
